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ABSTRACT
The fire ant, Solenopsis invicta, is one of the most successful of the invasive
eusocial invertebrates. The fire ant’s prolific reproductive capacity and its division of
labor among five fertility castes are key factors to its successful invasion and global
colonization across all continents except Antarctica. Although the rate of self-care and
brood care by sterile S. invicta workers is well known, little is known about the rate of
self-care and brood care by the other four fertility castes. In this study, I quantified the
frequency and duration of behaviors by alate males, alate queens, newly mated queens,
older mature queens, and sterile workers over six-hour periods (n = 12 individuals per
caste). I found that newly mated queens and sterile workers engaged in brood care for
the longest durations and at the highest frequencies. In contrast, alate males, alate
queens, and older mated queens spent the majority of their time engaged in self-care
behaviors. The social hormones, oxytocin and vasopressin, are found across the full
spectrum of animal species including mammals, birds, reptiles, amphibians, fish,
insects, and annelids. Oxytocin homologs play an essential role in reproductive
processes including pair-bonding, mate selection, the induction of contractions during
egg-laying and live mammalian birth and extended maternal care of offspring after hatch
or birth. Inotocin, a homolog of oxytocin-vasopressin, has been characterized in social
insects, but yet to be identified in S. invicta. Here, the S. invicta inotocin precursor
mRNA was amplified using reverse transcriptase polymerase chain reaction (PCR) and
confirmed by DNA sequencing. Using quantitative PCR, S. invicta inotocin precursor
iv
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mRNA was expressed in newly mated queens. These findings provide valuable
information to further investigate the physiological mechanisms driving brood care in a
highly invasive species.
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CHAPTER I
THE INVASIVE CHARACTERISTICS OF THE FIRE ANT, SOLENOPSIS INVICTA

INTRODUCTION
Invasive insects pose a significant threat to biodiversity and agriculture
(Andersen et al., 2006; Doherty et al., 2016; McNeely, 2001). The ecological impact of
invasive species is broad, reaching multiple levels of ecologic organization both directly
and indirectly (Kenis et al., 2009). Invasive insects cause 70 billion dollars in damage a
year across the globe. Locally, insects cause over 27 billion dollars of damage in the
United States (Bradshaw et al., 2016).
For an introduced species to invade and successfully colonize, propagules
(individuals first introduced) must overcome a variety of obstacles: finding suitable
habitat, adequate resources, low predation, and mates (Simberloff & Rejmánek, 2011).
Much effort has gone into defining the traits and conditions that favor the establishment
and spread of invasive species (Burns, et al., 2013; Crowder & Snyder, 2010; Peacock,
& Worner, 2008). Propagule size, reproductive rates, and dispersal are widely accepted
characteristics of successful invasive species (Kolar & Lodge, 2001; Parker, Thompson
& Weller).
Social insects are among the most successful invasive species. Specifically, ants
make up five of the 100 most invasive species across the globe (Simberloff &
Rejmánek, 2011). One of the most prolific invasive ant species, Solenopsis invicta—
1
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also referred to as the invasive fire ant—has caused extensive economic and ecological
losses. S. invicta is a highly aggressive, opportunistic generalist in its native range,
including Uruguay, Paraguay, Argentina, and Brazil. The population density of S. invicta
in its native range has been controlled by co-adapted pathogens, predators, and
competition with different ant species (Allen et al., 2004). S. invicta competes for
territory and resources with at least twenty-eight different species of ants (Calcaterra et
al., 2008). Moreover, interactions with predators, such as the parasitic phorid fly,
Pseudacteon, and fungal infections, Kneallhazia solenopsae, controls the density and
abundance of S. invicta (Briano et al., 2012). However, after colonizing a new habitat,
and the subsequent absence of predators, pathogens, and competition, the population
density of S. invicta can be as much as seven times greater than in its native habitat
(Porter et al., 1997).
The global expansion of S. invicta began in the 1930s when fire ant colonies were
introduced to the United States from Argentina (Fig. 1). S. invicta first arrived in the
United States unintentionally, by ship. The first documented introduction was in mobile
Alabama, although there are thought to be multiple introduction events (Tschinkel,
2006). Since its introduction, S. invicta has spread across the southern half of the
country and now inhabits over 128 million hectares in states ranging from Florida to
California and as far north as Kansas (Morrison et al., 2004). International commerce
from the U.S. has extended the global range of S. invicta into China, Hong Kong,
Australia, New Zeeland, the Caribbean, and Taiwan (Ascunce et al., 2011). With global
warming and continued intercontinental commerce, the range expansion of S. invicta is
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expected to continue (Korzukhin et al., 2001; Morrison et al., 2004; Morrison et al.,
2005).

Figure 1: World map of known populations of the fire ant, S. invicta. Copyright free
under the fair use policy for educational and research purposes (ars.usda.gov).

Ecological and economic impacts
S. invicta is known to cause extensive property and agricultural damage (Adams et
al.; Banks et al. 1991; Morrison et al., 1997). Reduced yield and loss of crops are the
most significant agricultural impacts. Notably affected plants are soybeans, almonds,
and citrus. However, agricultural impacts are not limited to crops. The presence of S.
invicta reduces honey production in farmed bee colonies (Vinson, 2013). S. invicta
causes considerable damage to irrigation systems, plumbing systems, and electrical
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equipment. Urban infrastructure such as traffic signals and highways are altered by S.
invicta (Jetter et al. 2002; Lard et al., 2002; Mackay et al., 1989). The cumulation of
property and agricultural damage is costly, reaching upwards of six billion dollars
annually in the U.S. alone (Lard et al., 2006). Although extensive, the property and
agricultural damage is modest compared to the ecological impacts of S. invicta.
As a result of the queen’s high reproductive rates, her worker’s aggressive territorial
expansion and their generalist diet, S. invicta negatively impacts native arthropod
communities by consuming and outcompeting other arthropod species in the southern
United States (Epperson & Allen, 2010). A 90% decline in species richness occurred
following the introduction of S. invicta. Similarly, the density of arthropod species
declined in the presence of S. invicta (GotewelIi & Arnett, 2000). Native ant species are
particularly impacted, with reductions in richness and abundance by 70% and 90%,
respectively (Porter & Savignano, 1990). The loss of other arthropod species after S.
invicta colonizes an area has implications beyond biodiversity (Epperson & Allen, 2010).
Competition and predation by S. invicta on native arthropod species alter community
structure, reduce biodiversity, and cause far-reaching ecological impacts, including the
loss of pollinators and decomposers of plant matter.
As with the arthropods, reptile populations have been altered by S. invicta invasions.
For example, S. invicta is a known predator of the eggs, hatchlings, and adult snakes,
lizards, and turtles (Wojcik et al. 2001). The decline of numerous snake species
including the hog-nosed snake (Heterodon simus) is attributed to S. invicta (Allen et al.,
1994; Tuberville et al., 2000; Wojcik et al., 2001). Increased hatchling mortality in the
endangered gopher tortoise (Gopherus polyphemus) has been documented due to
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predation by S. invicta (Landers et al., 1980). Similarly, S. invicta preys on newly
hatched and pipped eggs of the American alligator (Alligator mississippiensis; Allen et
al., 1997). With its opportunistic feeding habits and its continued expansion into
northern states, S. invicta is a threat to reptilian diversity in the United States.
In contrast to arthropods and reptiles, mammals are not a prey source for S. invicta.
However, the presence of S. invicta still has troubling repercussions on mammalian
fauna. Small mammals, such as the pygmy mouse (Baiomys taylori), alter their foraging
behavior to avoid S. invicta (Lechner & Ribble, 1996). Furthermore, reduced
mammalian richness has been reported in areas infested with S. invicta (Wilkins &
Broussard, 2000). Both large and small mammals are disturbed by S. invicta. Fawn
recruitment rates, in white-tailed deer (Odocoileus virgin), decline in the presence of S.
invicta. Although large populations of mammals have not declined as a result of
predation by S. invicta, local populations of mammals are still impacted.Central to S.
invicta’s widespread colonization and rapid expansion within new habitats are the
queen’s longevity, which is 6-8 years (Tschinkel, 1987), her rapid production of eggs,
resulting in large colonies composed of 100,000 to 250,000 sterile daughter workers,
and 5,000 fertile alate daughters and sons a year. The defining difference between
social insects and solitary insects is the reversal of care. In solitary insects, the flow of
protection and food is from parent to offspring. In social insects, the flow of protection
and food is from adult offspring to the parental queen, her immature brood, and her
fertile offspring, the alate sons and daughters.
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CHAPTER II
BROOD CARE BY FERTILITY CASTE IN THE EUSOCIAL FIRE ANT

INTRODUCTION
Eusociality is rare in the animal kingdom, occurring in only one mammalian
family, the Bathyergidae, and fifteen arthropod families (Holmes et al., 2009; Wilson &
Hölldobler, 2005). Eusociality has been widely studied in the insect order, Isoptera, the
termites; and has evolved independently at least eleven times in the insect order,
Hymenoptera, the eusocial bees, eusocial wasps, and all ant species (Anderson, 1984).
The Hymenoptera is one of the largest insect orders with over 150,000 extant
species; 17% are eusocial species (Aguiar et al., 2013). Widely known members of the
Hymenoptera include bees, ants, wasps, and sawflies (Mao et al., 2015). Hymenoptera
undergoes complete metamorphosis from egg, larval, to pupa, to adult (Mayhew, 2007;
Jindra, 2019). Most species have an ovipositor, which in some has been modified to
function as a stinger (Vilhelmsen, 2006).
Hymenoptera insects have an unusual haplodiploid sex-determination system,
sometimes called arrhenotoky. Mated females determine the sex of all offspring. Male
offspring are haploid as they develop from their mother’s unfertilized eggs. A male’s
somatic cells have only one copy of genomic chromosomes—his sperm are clones.
Female offspring are diploid as they develop from fertilized eggs. A female’s somatic
cells have two copies of genomic chromosomes. After meiosis, her eggs have one
6
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copy. In short, females produce male-biased eggs; males produce female-biased
sperm.
Extended brood care in insects
Extended Brood care is widespread among the insects. Exclusive female only
care occurs in fifty insect families and has evolved independently in at least ten insect
orders (Royal et al., 2012; Zeh, & Smith, 1985; Tallamy, 1984). Biparental care is found
in eleven families within the orders Blattodea, Coleoptera, and Hymenoptera (Suzuki,
2013). Exclusive paternal care is rare, occurring within the order Heteroptera, including
the Hemiptera (Tallamy, 2001). In the Belostomatinae, a subgroup of the Hemiptera,
males provide care to their offspring in the form of brood guarding and brood pumping,
which provides brood adequate oxygen during development inside the eggshell
(Munguía‐Steyer et al., 2008; Ohba, 2019). Beyond egg-laying, egg guarding is the
most common form of extended maternal care among insects (Tallamy, 1984, Tallamy
& Wood, 1986; Windsor, 1987). Protecting and provisioning larvae with nests and
nutrients is less common but does occur extensively in the order Hymenoptera. The
Hymenoptera is one of the largest insect orders with over 150,000 extant species; 17%
are eusocial species (Aguiar et al., 2013). Widely known members of the Hymenoptera
include, bees, ants, wasps and sawflies (Mao et al, 2015). Hymenopterans fall under
the superfamily Endopterygota (Mayhew, 2007). The Endopterygota are organisms that
undergo metamorphosis from egg, larval and pupal stages (Jindra, 2019). The majority
of the Endopterygota have an ovipositor, which in some cases has been modified to
function as a stinger (Vilhelmsen, 2006).
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The life history of Solenopsis invicta
Ant colonies begin with a mated queen. In S. invicta, after copulating with one
male during a brief mating flight, queens never mate again (Wheeler,1910). Queen ants
store sperm in an internal organ called the spermatheca, near the tip of their abdomen.
(Wheeler & Krutzsch, 1994). The spermatheca is made up of four distinct parts: the
reservoir, duct, spermathecal gland, and muscular pump (Figure would be nice here).
Sperm travel through the duct after mating where they are stored in the reservoir until
the release of viable eggs (Gobin et al., 2006). Within the spermatheca, the sperm are
provisioned and protected while floating, in hemolymph. Only a few sperm are released
to fertilize each egg. (Pascini & Martins, 2016).
As with all haplodiploid Hymenoptera species, the fire ant queen controls the sex
of her offspring. She also controls the fertilization of her female-biased eggs, producing
sterile, wingless daughter workers incapable of reproduction and fertile, winged
daughter queens who will eventually disperse, mate, and begin their own colonies.
Unfertilized eggs develop into fertile winged sons, the unmated drones, who do not work
and exist solely to mate with alate queens. Queens produce the winged fertile offspring
only when there are sufficient workers to allow for the expansion of the queen’s
colony—in other words, her family.
The first phase of colony development is the founding stage (Wilson &
Hölldobler, 2005), beginning with mating, when winged alate males and alate queens
leave the nest in massive swarms called nuptial flights, searching out a mate from other
colonies. In areas with large populations of fire ant colonies, thousands of alate males
and queens take to the air to find mates. Most die of desiccation or are eaten by
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predators such as birds, frogs, beetles, centipedes, spiders, or foraging workers of other
ant colonies.
After mating, males die. Newly mated queens locate a suitable habitat, land, and
break their wings off (Wheeler, 1910). The newly mated queen searches for a site with
damp soil to excavate a small underground nest chamber. Once inside, she lays a small
batch of eggs, and single-handedly raises her first brood of sterile, worker daughters.
Young daughters feed, clean, and groom their queen-mother (Fig. 2). Workers enlarge
the nest, excavate elaborate tunnel systems, and transport the queen’s new eggs into
special hatching chambers. Larvae are fed and groomed until they pupate (Cassill and
Tschinkel 1999a). Days later, young adults emerge to become workers themselves.

Figure 2: Mated S. invicta queen with her sterile daughter workers. Copyright free
under the fair use policy for educational and research purposes. Image credit: Alex Wild
photography (www.alexanderwild.com).
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The queen’s colony now enters a growth stage (Tschinkel 2006). It may take one
or two years before the queen’s colony is large enough to enter the reproductive stage,
when the queen begins to produce alate queens and males that, later in the season,
leave the nest to produce a new generation of sterile and fertile offspring. Sterile
workers are a disposable caste, whose sole purpose is to protect and feed their queen
mother and her fertile offspring (Cassill 2002a; Cassill 2019). In single-queen colonies,
the death of the queen means the death of her colony/family, as she leaves no
successors. Colonies with multiple queens continue to survive.
In this chapter, it is assumed the brood care provided by the sterile daughters
contributes to the fire ant queen’s prolific colony size, averaging 50,000 to 100,000
sterile workers a year (Fig. 2). Brood care by sterile workers in fire ants has been well
characterized (Cassill and Tschinkel 1995; Cassill and Tschinkel 1996; Cassill et al.,
1998; Cassill and Tschinkel 1999a; 1999b; 1999c; 1999d). However, the rate of brood
care across other fertility castes—newly mated queens, older mated queens, alate
queens, and even alate males —is unknown.
Hypotheses
My null hypotheses on the occurrence of brood care events among fertility castes
are:
(H01) The frequency of brood care events during an observation period will not differ
among fertility castes.
(H02) The duration of brood care events will not differ among fertility castes.
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METHODS
Husbandry of mature colonies
Mature colonies of fire ants were collected in Pinellas County, Florida (27.7325°
N, 82.6474° W) between March and June 2021, and removed from the substrate (Fig.
3) using the drip flotation method (Banks et al. 1981). Stock colonies were maintained
in an insectary at 24o C in constant light. Fresh water and a 25% sucrose solution were
fed daily and crickets ad libitum.

Figure 3: Collecting ant colonies from the field. (a) Removing fire ant colonies from the
grassy turf. (b) Dripping members of the fire ant colony from the excavated soil.

Data type, analysis, and availability:
Members from each fertility caste, sterile daughter workers, unmated daughter
queens, unmated males, and older mated queens, were randomly selected from a stock
colony. Each selected individual was placed in a test tube chamber with 20-30 larvae
11
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(Fig. 4). Each selected individual was recorded for six hours. Sterile daughters were
placed in groups of five to prevent stress and mimic social conditions. Newly mated
queens were randomly selected on the first day of egg-laying. Each time an individual
changed behaviors, I recorded the new behavior, the time of behavior initiation, and
completion. From these data, I calculated the number and duration of each behavioral
event for each individual. Behavioral events changed within seconds to minutes (range
= 1 s to 80 min). Previous studies quantifying behaviors in S. invicta observed
individuals from one hour up to 12 hours continuously, documenting the duration and
frequency of observational events. This study was limited to six hours due to recording
capabilities, and within the observational period of previous work deemed acceptable.
The benefit of continuous sampling, opposed to discrete time units is the ability to
observe and record behaviors with brief durations (Cassill, 2006; Cassill et al., 2009;
Cassill & Tschinkel, 1995). Each caste was replicated at least 12 times. A total of 360
hours of recordings were analyzed, resulting in a total of 1,329 observed behavioral
events—the equivalent of documenting information from videos of ant behaviors nonstop for 20 hours a week for 4.5 months.
Data were classified by fertility caste (Table 1 page 13) and by behaviors (Table
2 page 14). Behaviors were categorized as self-grooming, brood assessment, brood
tending, inactivity, and roaming. The maternal care category contained brood tending
and brood assessment behaviors. The self-care category was composed of selfgrooming, roaming, and inactivity behaviors. This study consisted of seven qualitative
variables and one quantitative variable (Table 3 page 15). Individuals were taped for 6
hrs. The duration and frequency of behavioral events were compiled per individual.
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Figure 4: Test tube chambers housing individuals with brood during the behavioral
experiment.
Table 1: Description of fertility caste.
Fertility caste

Description

Alate queen

Fertile unmated queen, wings intact.

Alate male

Fertile unmated male with wings.

Newly mated queen

Fertile queen, mated, without wings, may
have brood, but no sterile daughters.

Mature queen

Fertile queen, mated, without wings has
mature sterile daughters.

Sterile worker

Infertile daughters of queen.

13
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Table 2: Ethogram of brood care and self-care.
Grouped

Detailed

behavioral

behavioral

events

events

Self-care

Self-grooming

Description

Individual uses forelimbs to groom the thorax,
antenna, wings (if applicable) and head.
https://www.youtube.com/embed/AB4HoeloqZw?autoplay
=1

Self-care

Roaming

Individual moves about the chamber, without stopping.

Self-care

Inactivity

The individual is not actively moving or interacting
environment.

Brood care

Brood tending

The individual is actively interacting with the brood in the
following manner: picking up brood with mandibles,
helping brood molt, relocating brood, and licking fluids off
brood.

Brood care

Brood

The individual is monitoring the brood with antenna down.

assessment

I used the Pearson Chi-Square test to analyze differences in the frequency of the
qualitative behavioral events variable by the qualitative fertility castes variable. The
quantitative variation, duration of behavioral events, did not meet the normality and
equal variance assumptions of parametric tests (t-test and ANOVA). Therefore, I used
nonparametric tests: Wilcoxon Kruskal-Wallis and the pairwise Wilcoxon test (equivalent
to the parametric one-way ANOVA and pairwise t-tests). Data were analyzed using JMP
pro 16 Statistical Software.
14
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Table 3: Data variables, categories within variables, and variable type.
Data
variable

Individual
ID

Tape
hours

Gender

Fertility
caste

Behavior
event

Care
type

Duration
of each
behavioral
event (s)

Variable
categories

n = 76

n=6

n=2

n=5

n=5

n=2

n = 1,341

Variable
type

Qualitative

Qualitative

Qualitative

Qualitative

Qualitative

Qualitative

Quantitative

RESULTS
The number of behavioral events by fertility caste: Ants live at high densities
and often perform numerous behaviors within seconds. How often and for how long did
individuals engage in each behavioral event over the observation period? When
classified into two broad categories, the percent of observed behaviors differed
significantly by fertility caste (Fig. 5a; Pearson: χ2 = 546.06; p < 0.0001). When
classified into five detailed categories, the percent of observed behaviors differed
significantly by fertility caste (Fig. 5b; χ2 = 135.18; p < 0.0001). Of the 140 behavioral
events over six hours in the presence of brood, I show that unmated male alates did not
engage in brood care events (0%). Instead, males engaged in self-care events (100%);
36% of a male’s self-care events consisted of inactivity. Of the 270 behavioral events by
15
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older mated queens, 14.6% were brood-care events, 85.4% were self-care events. Of
the self-care events, 45.0% consisted of inactivity. Of the 47 behavioral events, over six
hours by unmated queen alates, 25.7% were brood care events and 74.3% were selfcare events; 34.0% of the self-care events consisted of inactivity. Of the 202 behavioral
events over six hours by newly mated queens, 48.0% were brood care events, 52.0%
were self-care events. Only 4.5% of self-care events consisted of inactivity. Finally, of
the 258 behavioral events over six hours by sterile daughter workers, 43.4% were
brood care events; 56.6% were self-care events; less than 1% of self-care events
consisted of inactivity.
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Figure 5: Percent of behaviors by fertility caste. (a) Percent of two categories of
behaviors by fertility caste. (b) Percent of five detailed categories of behaviors by fertility
caste.
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Duration of behavioral events by fertility caste
The duration of brood tending events differed significantly by fertility caste (Fig.
6a; Wilcoxon Kruskal-Wallace: χ2 = 17.852; p = 0.0013). Relative to alate queens the
duration of brood tending was significantly greater by newly mated queens and sterile
workers. Newly mated queens and workers tended to brood for equivalent durations per
event; however, workers tended to brood more frequently than newly mated queens.
The duration of brood monitoring events differed significantly by fertility caste (Fig.6b;
Wilcoxon Kruskal-Wallace: χ2 =38.691; p < 0.0001). The duration of brood monitoring by
alate queens was significantly lower than older mature queens, newly mated queens, or
sterile workers. Relative to other female castes, brood tending events by unmated
queen alates were more frequent, but for shorter durations of time. The duration of
roaming events differed significantly by fertility caste (Fig. 6c; Wilcoxon KruskalWallace: χ2 =41.453; p < 0.0001). Compared to other fertility castes, unmated queen
alates roamed less frequently but for longer durations of time. The duration of inactivity
events differed significantly by fertility caste (Fig.6d; Wilcoxon Kruskal-Wallace: χ2 =
66.47; p < 0.0001). Sterile worker daughters were never inactive. In contrast, inactivity
events for older mated queens were less frequent but longer, often > 20 minutes. Lastly,
the duration of self-grooming events differed significantly by caste (Fig. 6e; Wilcoxon
Kruskal-Wallace: χ2=79.669; p < 0.0001). Relative to other fertility castes, self-grooming
events by mature queens were of the longest durations. Self-grooming events by sterile
workers were few and of short duration.
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Figure 6: Behaviors by fertility castes. (a) Duration of brood tending events by fertility
caste. (b) Duration of brood monitoring events by fertility caste. (c) Duration of events
roaming by fertility caste. (d) Duration of inactivity events by fertility caste. (e) Duration
of self-grooming events by fertility caste. (Lowercase letters denote significant
differences in the median durations across fertility castes).
Median duration of behavioral events by queen fertility caste
The median duration of brood care events differed significantly by queen fertility
caste (Fig.7a; Wilcoxon Kruskal-Wallace: χ2 = 55.991; p < 0.0001). Newly mated
queens cared for brood for the longest duration; older mature queens cared for brood
the least. The median duration of self-care events differed significantly by fertility caste
(Fig. 7b; Wilcoxon Kruskal-Wallace: χ2 = 97.092; p = 0.001). Older mature queens took
part in self-care activities for the longest duration; newly mated queens spent the least
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amount of time performing self-care.
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Figure 7: Median duration of behaviors by queen life stage. (a) Median duration of
brood care events by queen fertility caste. (b) The median duration of self-care events
by queen fertility caste.
DISCUSSION
The detailed analysis of behaviors by fertility caste revealed several striking
differences. First, compared to alate males, alate queens, and older mated queens,
newly mated queens and sterile daughter workers were dedicated caregivers. The
majority of brood care by sterile workers was brood tending. In contrast, brood care by
newly mated queens was equally divided between brood monitoring and brood tending.
Second, the percent of time spent in self-grooming was equivalent across all five fertility
castes, ranging from 21.7% in workers to 35.9% in unmated queen alates. Of note,
unmated queens groomed their wings far more often than unmated males. Alate queens
remove their wings following mating or removal from the colony, in a process called
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dealation (Brent & Vargo 2003; Vander Meer et. al, 2021). Thus, alate queens in this
study may have been preparing for nuptial flight or dealation.
Queens undergo discrete behavioral changes throughout their life story,
beginning as an unmated alate queen. Following her nuptial flight, the queen then
transitions into a newly mated queen with a freshly founded colony. In the hours
following her flight, the queen tears off her wings, and buries herself in a small chamber.
In this chamber, she will lay and raise her brood. Within two months, she will have
produced sterile daughters, within two years she will produce fertile sons and
daughters. By the third year following founding, she will have a robust colony of sterile
daughters (Markin, Dillier & Collins1973). At each transition point from alate, to newly
mated, to older maturity, the queen’s maternal role shifted dramatically. Here I show
clear changes in the rate and frequency of brood tending and brood monitoring with
these shifts. Newly mated queens provided the most maternal care, followed by alate
queens and mature queens respectively. In contrast, newly mated queens performed
the least amount of self-care followed by alate queens and older mature queens.
S. invicta is regarded as one of the most invasive species in the world. Rearing of
offspring is paramount to their successful colonization across the globe. Queens rapidly
produce large colonies with upwards of a hundred thousand members. Once colonies
are established, attempts at eradication have been ineffective. Chemical control
methods are widely utilized, in an attempt, to eliminate colonies. However, these
methods work on only one colony at a time (Kemp et al. 2000). In this study, newly
mated queens are identified as a key provider of brood care. The initial phases of
colony founding, when newly mated queens are the sole care provider for their
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offspring, are crucial to colony establishment. Future efforts to stop the spread of S.
invicta may benefit from focusing on preventing brood care in newly mated queens, and
therefore preventing colony establishment. By quantifying the rate of brood care by
fertility caste in this invasive species, we can better inform future mitigation efforts.
In summary, the frequency, and duration of behaviors differed by fertility caste. Newly
mated queens displayed the most maternal care, followed closely by sterile daughters.
Newly mated queens were observed monitoring brood with their antenna down. Sterile
workers frequently relocated and carried brood. Older mated queens displayed the
least amount of maternal care and alate males provided no maternal care.
Most behavioral studies have characterized communication modalities during foraging,
feeding of immature brood, nest building, and nest re-location. To my knowledge, this is
the first study to characterize the rate of maternal care provided to larvae from an adult
family member’s perspective-including sterile workers, newly mated queens, older
mated queens, and alate queens, or alate males. These findings provide critical
information on brood care and may inform future efforts to stop the spread of S. invicta.
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Chapter III
EXPRESSION OF INOTOCIN, AN OXYTOCIN LIKE GENE, ACROSS QUEEN
FERTILITY CASTES
INTRODUCTION
Oxytocin and vasopressin are neuropeptides that mediate social behavior and
physiological processes (Baribeau & Anagnostou, 2015; Churchland, 2012). The
oxytocin-vasopressin signaling pathway is ancient, originating over 600 million years
ago (Donaldson & Young, 2008). The main components of the pathway include the
oxytocin and vasopressin peptides, their receptors, and their carrier proteins, called
neurophysins (Carter, 2017). Vasopressin is the more basal of the two peptides.
Arginine vasotocin, the ancestral form, appeared before protostomes and
deuterostomes diverged (Grimmelikhuijzen & Hauser, 2012).
Contemporary forms of oxytocin and vasopressin date back 500 million years to a
duplication event, in which the ancestral gene for arginine vasotocin was copied (Acher
& Chauvet, 1995). Because of their common origin, oxytocin and vasopressin are
structurally similar. Both are cyclical structures composed of nine amino acids (Baribeau
& Anagnostou, 2015). The peptides differ in the third and eight positions (Stoop, 2012);
vasopressin has a phenylamine and arginine in the third and eighth positions, and
oxytocin has a leucine (Table 4).
Oxytocin and vasopressin play a role in numerous behavioral and physiological
responses. In placental mammals, oxytocin induces maternal and sexual behavior (Gil
et al., 2007; Kendrick et al., 1987; Olazabal, &Young, 2006; Pedersen & Prange, 1979).
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In contrast, vasopressin modulates aggressive behavior (Baribeau & Anagnostou,
2015). Physiologically, oxytocin induces lactation and contractions of the uterus
(Landgraf & Neumann, 2004). This differs from vasopressin, which plays a role in
cellular osmoregulation (Baribeau & Anagnostou, 2015).
Oxytocin and vasopressin homologs are found in a variety of organisms other than
placental mammals, including insects, annelids, and marsupials (Donaldson & Young,
2008). Recently, inotocin, a homologue of oxytocin vasopressin, has been described in
social insects (Gruber, 2014). Inotocin is structurally similar to oxytocin, differing only in
that leucine and threonine are found in the second and fourth positions, respectively
(Table 4).
Table 4: Comparison of amino acid sequences among oxytocin, vasopressin, and
inotocin.
Neuropeptide

Amino acid sequence

Oxytocin

Cys-Tyr-IIe-Gln-Asn-Cys-Pro-Leu-Gly-NH2

Vasopressin

Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly-NH2

Inotocin

Cys-Leu-IIe -Thr-Asn-Cys-Pro-Arg-Gly-NH2

Inotocin
Inotocin was first documented in the social Leaf -cutter ant, (Atta cephalotes), carpenter
ant (Camponotus floridanus) and Indian jumping ants (Harpegnathos saltator) (Gruber
et al., 2012). Due to its highly conserved nature, genome mining efforts identified
possible inotocin precursors (composed of the ligand and neurophysin) and receptors in
17 ant species (Liutkeviciute et al., 2016). Most research on inotocin has focused on the
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black ant, Lasius niger, in which the transcriptome has been analyzed and receptors for
inotocin have been cloned (Di Giglio et al., 2017). In the black ant, inotocin receptor
expression has been found to vary by queen developmental caste (alate queen, newly
mated and older mature queens) and correlates to locomotion and metabolic processes.
However, the expression of the inotocin ligand was not addressed (Chérasse & Aron,
2017; Liutkeviciute et al., 2018). Similarly, in the carpenter ant, inotocin receptor and
ligand expression correlates to foraging behavior and is believed to have a role in
metabolic processes such as water balance in sterile workers (Koto et al., 2019). To
date inotocin receptor or ligand expression has never been explored in S. invicta.
In my study of brood care behaviors among queen fertility castes, the median
duration of brood care events differed significantly. Newly mated queens cared for
brood significantly longer than older mature queens and alate queens. In addition, the
duration of self-care was significantly less in newly mated queens. Based on the current
literature, the gene for inotocin is highly conserved across all five fertility castes
(Liutkeviciute et al., 2016) Inotocin expression may, at least in part, explain the
observed behavioral differences in brood care among the queen castes. Therefore, in
this chapter my goal was to determine the queen fertility caste(s) in which inotocin was
expressed.
In this chapter, the working hypothesis is: (H1): The gene for inotocin will be
expressed in newly mated queens, but not in older mature queens and alate queens
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METHODS
Husbandry of newly mated queens
Between March and June 2021, after a springtime rain, newly mated queens
were collected in Pinellas County, Florida (27.7791° N, 82.6257° W). Individuals were
maintained in test tubes at 24oC in constant light. Once the first batch of eggs eclosed,
colonies were provided fresh water, a 25% sucrose solution, and crickets ad libitum.
Husbandry of established colonies
Mature colonies of fire ants were collected in Pinellas County, Florida (27.7325°
N, 82.6474° W) between March and June 2021, and removed from the substrate (Fig.
1) using the drip flotation method (Banks et al., 1981). Colonies were maintained in an
insectary at 24o C in constant light. Fresh water and a 25% sucrose solution were fed
daily and crickets ad libitum.
RNA extraction
We randomly selected individual alate queens (n = 12), newly mated queens (n
= 12), older mated queens (n = 12), sterile workers (n =60) and alate males (n = 12).
Ants were placed into 350uL of lysis buffer and homogenized using a bio-masher
single-use homogenizer (OmnIInternational, Kennesaw GA, USA). Sterile workers (n =
60) were homogenized in groups of five, based on housing groups. RNA extraction was
performed following the Macherey- agel™ ucleo pin™

A,

iniKit procedure.

RNA concentration was measured with a Nanodrop Spectrophotometer (Thermo
Fisher Scientific, Waltham, Massachusetts, USA). The RNA quality was verified using
Nanodrop absorption ratios at 260nm and 280nm. Samples were stored at -80C.
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cDNA synthesis
cDNA was synthesized using 100ng/uL of RNA from each of the queen castes
(newly mated, alate and mature) following MMLV first-strand synthesis reverse
transcriptase and Oligo(dT) primer (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). RT-negative controls were run, and sample quality was
confirmed on a 2% agarose gel. cDNA samples were stored at -20C.
Primer design/verification
The inotocin gene in S. invicta was identified using BLAST (Genbank accession
no. XM_026134980.1). It was aligned with the previously identified inotocin precursor
from Lasius niger (Genbank accession no. MG210941.1. Inotocin primers were
designed using Primer3 software (Table 5).
In addition to inotocin of the receptor like protein, Rlp18, was measured as a
reference gene. Rlp18 was selected and primers were designed based on Cheng et al.,
2013, who demonstrated Rlp18 to have the most stability between age group, fertility
caste, and tissue type, in S. invicta.
To verify the primers produced the expected targets, I amplified S. invicta DNA
and sequenced the products. Polymerase chain reaction (PCR) parameters consisted of
25L 2x Dream Taq (Thermo Fisher Scientific, Waltham, Massachusetts, USA), 1L
cDNA template, 1L forward primer, 1L reverse primer, nuclease-free water.
Thermocycler conditions are reported in Table 6. PCR products were visualized on a
2% agarose gel and subsequently cleaned up using the Qiagen QIAquick kit according
to the manufacturer’s protocol. To ensure the new primers amplified inotocin, the

27

`
inotocin samples were sent to Eurofins genomics Louisville, KY for sequencing (Fig.
10).

Figure 8: Inotocin precursor sequence alignment. Inotocin precursor (outer box) and
mature inotocin peptide (inner box). Primer location (arrows).

Table 5: Primer sequences for inotocin and reference gene Rlp18 (Cheng et al. 2013).
rimer sequences are displayed from 5’ to 3’.
Gene

Forward Primer

Reverse Primer

Inotocin

GCTGTACGCCACTAGACTCT

AGGACCACACGAAGGACATT

Rlp18

GCATGATCGGAAAGTGCG

TTCAGCCACTTGACTGCG
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Table 6: Thermocycler conditions for inotocin and Rlp18.
Gen3

Thermocycler conditions
2 mins at 95oC
35 cycles at:
30s at 95oC
30s at 55oC
30s 70oC
2 mins at 95oC
35 cycles at:
30s at 95oC
30s at 55oC
30s 70oC

Inotocin

Rlp18

1,000bp

500bp

Figure 9: Verification of amplification of target genes in S. invicta utilizing designed
primers for the inotocin gene and the reference gene, RLP18 (1.5% agarose gel)
200bp
100bp
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Figure 10: S. invicta amplimer resulting from newly designed primers aligned with a
gene in the S. invicta genome that was algorithmically predicted to be inotocin.

Primer Specificity
Following amplification of inotocin and Rlp18, cleaned up PCR amplimer was
pooled, and three ten-fold dilutions were performed in yeast RNA diluent (10 ug/mL
yeast RNA in 10 mM Tris-HCl, pH 7.5). Samples were then prepared for qPCR (Table
7) and five replicates of each sample were loaded into a 384 well plate. Plates were
wrapped in tin foil and stored overnight at 4°C. The specificity of primers was indicated
by a single melt curve (Fig. 11) where the single curve indicates the amplimer was the
same size. Inotcin is a smaller amplimer than Rlp18 (refer to Fig. 9).
Table 7: qPCR master mix composition, for preliminary primer efficiency run.
Reagent

Amount

SYBR green

35uL

Forward primer (10uM)

3.5uL

Reverse primer (10uM)

3.5uL
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Nuclease free water

21uL

Template

7uL

Figure 11. Melt curve of inotocin and Rlp18.
Assay development
To determine the concentration of cDNA needed for successful amplification, a
preliminary qPCR trial was run. cDNA samples from each of the three queen fertility
castes (alate queen, newly mated queen, older mature queen) were pooled and
prepared for qPCR (Table 8). Three reactions for each caste were prepared, with a 1uL
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template, 5uL template, and 10uL template. Five replicates of each reaction for all five
castes were plated. Plates were wrapped in tin foil and stored overnight at 4°C.
Table 8: qPCR master mix for essay development run.
Reagent

1uL Template

5uL Template

10uL Template

reaction

reaction

reaction

SYBR green

35uL

35uL

35ul

Forward primer (10uM)

3.5uL

3.5uL

3.5uL

Reverse primer (10uM)

3.5uL

3.5uL

3.5ul

Nuclease free water

27uL

23uL

18uL

Template

1uL

5uL

10uL

RESULTS
The presence of the inotocin gene was confirmed in five fertility castes (alate
queen, newly mated queen, older mature queen, alate males and sterile workers) by the
presence of an amplimer approximately 160 base pairs long. To identify expression of
the inotocin gene, we assessed the critical threshold (Ct) value. The Ct value is the
number of amplification cycles at which the fluorescent label is detected beyond the
background level during qPCR. The Ct value from the fluorescent label, SYBR green,
relates to the concentration of nucleic acid in the sample. The higher the concentration
of nucleic acids the lower the Ct value. Ct values > 35 indicate the mRNA of the target
gene is not detectable indicating no evidence of gene expression.
The mean Ct values for inotocin were found to be > 35 in alate queens and older
mature queens, indicating that expression of inotocin was not detected in older mated
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queens or alate females. The mean Ct value of newly mated queens was 33.9,
indicating expression in newly mated queens. The mean Ct values of Rlp18 were all <
35 indicating the reference gene was expressed in older mated queens, newly mated
queens, and alate females (Table 9).
Table 9: Mean critical threshold (Ct) values of inotocin and Rlp18 from the assay
development run. Bold numbers indicate detectable levels of mRNA.

Sample
Size

Replicates

Inotocin Mean Ct (SE)

Rlp18 Mean Ct (SE)

n=1

5

33.931 (0.146)

33.642 (0.026)

n=1

5

35.466 (0.103)

33.768 (0.059)

n=1

5

35.88 (0.047)

34.341 (0.055)

Newly mated queen

Older mated queen

Alate queens

DISCUSSION
Interestingly, inotocin expression was detected only in newly mated queens.
Neither alate queens nor older mated queens demonstrated evidence of inotocin
expression. The gene expression pattern matches the pattern of brood care described
in chapter 2 where newly mated queens spent significantly more time engaging in brood
care behaviors than alate and older queens. Newly mated queens are the sole
providers for their brood during the initial colony founding stage. In contrast, older
mature queens and alate queens provide almost no brood care. Therefore we, expected
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inotocin expression levels to be the greatest in newly mated queens. Our findings
regarding inotocin expression agree with our behavioral observations. While this study
isn’t expansive enough to draw conclusions regarding the correlation between inotocin
gene expression and brood care behavior, it does provide support for further
investigation of the connection between the two.
To our knowledge this is the first study to show inotocin ligand expression in S.
invicta. Little is known about the expression of the complete inotocin signaling system,
including both the ligand and receptors, in the social insects. Previous studies have
shown inotocin, the receptors and ligand, are expressed in queens and sterile workers
of the Black ant (Lasius niger). Inotocin receptor expression is highest leading up to and
following nuptial flights in queens of the black ant (Chérasse & Aron, 2017; Liutkevičiūte
et al., 2018). In addition, inotocin receptor expression was found to increase with
worker age, in two ant species Oceraea biroi and Camponotus fellah, (Fetter-Pruneda et
al., 2021; Koto et al., 2019). This is the first study to show intocin ligand expression in S.
invicta newly mated queens.
As a whole, queen castes in social insects have more differentially expressed
genes than sterile workers (Feldmeyer et al., 2014). In S. invicta, the neuropeptide
signaling system is extensive, containing over 324 known G protein coupled receptors,
ten of which are known to be expressed differently between the queen and worker
castes (Calkins et al., 2019). Nevertheless, the bulk of studies regarding the molecular
basis of brood care in the social insects have focused on sterile workers. Very little is
known about the role of neuropeptides in queen castes of social insects, such as S.
invicta.
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Neuropeptide signaling systems mediate behavioral processes in social insects,
including brood care (Schoofs et al., 2017). S. invicta is one of the most invasive
species in the world, central to S. invicta’s widespread colonization is their rapid
production of brood and extensive brood care. Little effort has been made to determine
the relationship between brood care and neuropeptide expression in S. invicta. Better
understanding of the physiological processes that drive brood care in S. invicta queens
will provide much needed information on the success of this highly invasive species and
potentially aid in the development of novel control methods.
Understanding the molecular mechanism driving brood care in a successful
invasive species may provide insight on the decline of native species. Comparative
studies between neuropeptide signaling and brood care, in species which are highly
successful and those which are being out competed, could inform conservation efforts
of native species. Inotocin is a possible driver for social behavior of reproductive and
brood care behavior (Chérasse & Aron, 2017; Fetter-Pruneda et al., 2021). However,
given the complex social hierarchy of S. invicta and nature of gene expression and
behavior, it is likely that multiple signaling pathways play a role in the brood care of S.
invicta.
The neuropeptide F (NPF) signaling is believed to play a role in the reproduction
of a variety of other insects (Cui & Zaoh, 2020). Previous work on social behavior in S.
invicta indicates the NPF signaling system regulates foraging and brood care. In S.
invicta workers, expression of NPF receptors is significantly higher in the presence of
brood (Castillo & Pietrantonio, 2013). NPF receptors have been identified in the ovaries
and brain of S. invicta queens (Lu & Pietrantonio, 2011). However, NPF expression has
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not been explored in S. invicta queens. Further investigation of NFP in S. invicta
queens may provide new perspectives on the molecular drivers of brood care.
Future work quantifying the expression of inotocin by fertility caste and life stage,
as well as identifying inotocin receptors, will provide critical information on the
mechanisms that elicit changes in egg-laying and brood care with the potential to
elucidate the factors responsible for the reproductive success of this highly invasive
species. Moreover, continued exploration of other drivers of brood care, such as NFP,
will provide a more comprehensive understanding of the molecular basis of brood care
in this highly invasive species.
In summary, I have described discrete changes in the duration and rate of maternal
care provided to brood by S. invicta queens at pivotal life stages. I have also shown
significant differences in the rate and duration of brood care provided by fertility caste.
Moreover, I have identified, amplified, and sequenced the gene for inotocin- a potential
driver of maternal care. I also found evidence of differential inotocin gene expression
among queen castes which may indicate a potential connection between inotocin
expression and brood care behavior. My work sets a foundation for continued review of
the role of inotocin on the brood care and success of S. invicta, the invasive fire ant.
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